Introduction
============

Glioma is a type of brain tumor with very high recurrence and mortality rates ([@b1-ol-0-0-11980]). According to the American Cancer Society, 77% of patients with glioblastoma die within 1 year of diagnosis ([@b2-ol-0-0-11980]). Gliomas are mainly caused by mutations in normal interstitial cells. The recurrence rate of glioma is positively associated with the degree of malignancy ([@b3-ol-0-0-11980]). With the continuous development of medical technology, the treatment of glioma is improving. Surgical resection continues to be the principal treatment for glioma, but is only applicable in patients with early-stage glioma ([@b4-ol-0-0-11980],[@b5-ol-0-0-11980]). The tumors of patients with early-stage gliomas are small, well-defined and easily removed surgically ([@b4-ol-0-0-11980],[@b5-ol-0-0-11980]). However, surgical resection is not an ideal treatment option for patients with malignant glioma because malignant gliomas are very large and present invasive growth ([@b6-ol-0-0-11980]). In recent years, the use of microscopy during surgery has enabled invasive gliomas to be resected more effectively ([@b7-ol-0-0-11980]). Radiation therapy is considered an important treatment option for various types of tumors, such as glioma, renal cell carcinoma and bladder cancer ([@b8-ol-0-0-11980]--[@b10-ol-0-0-11980]). A series of clinical studies have confirmed that radiotherapy can improve the survival rate of patients with glioma; however, radiotherapy is associated with numerous adverse reactions and side effects ([@b11-ol-0-0-11980]--[@b13-ol-0-0-11980]). Therefore, it remains important to identify potential drugs for the effective treatment of glioma.

15,16-Dihydrotanshinone I (DHI) is extracted from tanshen (*Salvia miltiorrhiza* bunge). Previous studies have shown that tanshen has various biological uses, which include the treatment of cardiovascular diseases, especially angina pectoris and myocardial infarction ([@b14-ol-0-0-11980],[@b15-ol-0-0-11980]). Lee and Lee ([@b16-ol-0-0-11980]) reported that DHI is able to inhibit the proliferation and induce the apoptosis of K562 leukemia cells. DHI has also been shown to inhibit breast and colon cancer through the mitochondrial apoptosis pathway ([@b17-ol-0-0-11980],[@b18-ol-0-0-11980]). Furthermore, DHI inhibits the proliferation of gastric cancer cells through the c-Jun N-terminal kinase/P38 signaling pathway ([@b19-ol-0-0-11980]). However, the effect of DHI on glioma cells and the underlying mechanisms have not yet been elucidated. The present study explored the antitumor effect and mechanism of DHI in gliomas.

Ferroptosis is a type of programmed cell death ([@b20-ol-0-0-11980]). The main morphological features of ferroptosis are shrinkage of the mitochondria and a reduction in the number of mitochondrial ridges ([@b20-ol-0-0-11980]). Ferroptosis of tumor cells, such as pancreatic and liver cancer cells, and normal tissue cells, including renal tubular cells and fibroblasts, can be induced by some small molecules and common clinical drugs, including vincristine, sorafenib and artemisinin ([@b21-ol-0-0-11980]--[@b23-ol-0-0-11980]). Ferroptosis is predominantly caused by the accumulation of intracellular lipid peroxides and the release of reactive oxygen species (ROS), which are closely associated with the accumulation of large amounts of iron ions in the cell. The iron chelator deferoxamine and the ferroptosis-specific inhibitors ferrostatin-1 or ferrostatin-1 are able to inhibit the ferroptosis process ([@b24-ol-0-0-11980]). The metabolism of iron ions and lipid peroxides is considered to be critical in the process of ferroptosis and to regulate its occurrence ([@b25-ol-0-0-11980]). Ferroptosis plays an important role in the development of tumors. The activation of ferroptosis has great therapeutic potential for tumors. Although the main regulatory network of ferroptosis has been established ([@b26-ol-0-0-11980],[@b27-ol-0-0-11980]), drugs that have been reported to regulate ferroptosis are limited in number and their exact regulatory mechanisms are unclear ([@b28-ol-0-0-11980]--[@b30-ol-0-0-11980]). Therefore, the identification of new drugs for ferroptosis regulation would be of great value.

A previous study indicated that tanshen induced ferroptosis in breast cancer cells, and significantly reduced the final tumor volume in a xenograft nude mouse model without adverse effects ([@b31-ol-0-0-11980]). Therefore, the present study aimed to evaluate the effects of DHI on the proliferation of glioma cells and investigate the contribution of ferroptosis to the underlying mechanism.

Materials and methods
=====================

### Chemicals and treatment groups

DHI was obtained from ChemFaces Natural Products Co., Ltd. (cat. no. CFN-90162; purity, 98%; solubility in DMSO, \>5 mg/ml; PubChem CID: 11425923). HEB, U87 and U251 cells were treated with the DHI and/or the ferroptosis inhibitor ferrostatin-1, or with an equivalent volume of DMSO for 72 h at 37°C with 5% CO~2~. The cells were divided into four groups as follows: i) Control group, cells treated with DMSO; ii) DHI group, cells treated with DHI (1, 10, 100 or 1,000 µM); iii) ferroptosis inhibitor-control group, cells treated with ferrostatin-1 (1 µM); iv) DHI + ferroptosis inhibitor group, cells treated with DHI (100 µM) and ferrostatin-1 (1 µM). Ferrostatin-1 was purchased from Santa Cruz Biotechnology, Inc.

### Cell culture

The HEB human glial cell line was purchased from Shanghai Bioleaf Biotech Co., Ltd. The U251 human glioblastoma cell line was purchased from the European Collection of Authenticated Cell Cultures (cat. no. 09063001) and the U87 human glioblastoma cell line of unknown origin was purchased from American Type Culture Collection (ATCC; catalogue number: HTB-14). All the cell lines were identified by STR. All cells were cultured in DMEM (HyClone; GE Healthcare Lifesciences) supplemented with 10% fetal calf serum (Invitrogen; Thermo Fisher Scientific, Inc.) and penicillin-streptomycin combination (100 mg/ml; Thermo Fisher Scientific, Inc.), and maintained at 37°C in a 5% CO~2~-humidified incubator.

### Cell proliferation analysis

Cell proliferation was detected by Cell Counting Kit-8 (CCK-8) assay (cat. no. C0037; Beyotime Institute of Biotechnology). The HEB, U251 and U87 cells were inoculated on a 96-well plate at a density of 5,000 cells/well and treated as described above. Cell proliferation was detected at specified time points (0, 24, 48 and 72 h) using a CellTiter 96^®^ AQueous One Solution Cell Proliferation Assay kit (Promega Corporation). The absorbance was measured at 450 nm using a microplate reader (Bio-Rad Laboratories, Inc.).

### Western blot analysis

Total protein was extracted from HEB, U251 and U87 cells using the M-PER™ Mammalian Protein Extraction Reagent (Pierce; Thermo Fisher Scientific, Inc.). The protein concentration of the extract was determined using the BCA method. Equal amounts of protein extract and 2X SDS loading buffer were mixed and boiled for 5 min. Proteins (30 µg/lane) were separated via SDS-PAGE on a 10% gel and then transferred to polyvinylidene difluoride membranes (Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.). The membranes were blocked with 5% skimmed milk at room temperature for 2 h and then incubated with primary antibodies against glutathione peroxidase 4 (GPX4; 1:3,000; cat. no. sc-166570; Santa Cruz Biotechnology, Inc.), long-chain-fatty-acid-CoA ligase 4 (ACSL-4; 1:2,000; cat. no. sc-365230; Santa Cruz, USA) and anti-β-actin (1:500; cat. no. SA00001-9; ProteinTech Group Inc.) overnight at 4°C. Following primary antibody incubation, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:1,000; cat. no. SA00001-9; ProteinTech Group, Inc.) at room temperature for 3 h. Protein bands were observed using Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences) and scanned using Amersham Imager 600 (GE Healthcare).

### 5-Hydroxyeicosatetraenoic acid (HETE) assay

5-HETE, a ferroptotic marker, was assessed using a 5-HETE ELISA kit (cat. no. CED739Ge; Wuhan USCN Business Co., Ltd.), according to the manufacturer\'s protocol.

### 12/15-HETE assay

The levels of 12- and 15-HETE, which are two ferroptotic markers, were determined using 12/15-HETE ELISA kits (cat. nos. ab133034 and ab133035; Abcam), according to the manufacturer\'s protocols.

### Lactate dehydrogenase (LDH) assay

LDH is a cytoplasmic enzyme that is released from cells when they are damaged ([@b32-ol-0-0-11980]). LDH levels were measured using a colorimetric CytoTox 96™ Cytotoxicity kit (cat. no. G1780; Promega Corporation) according to the manufacturer\'s protocol. Cells were treated with 10× lysis reagent to determine the maximum LDH release level. A 96-well plate reader (Molecular Devices, LLC) was used to measure the absorbance at 490 nm. According to the manufacturer\'s instructions ([@b33-ol-0-0-11980]), the ratio of LDH release was calculated as the ratio of experimental LDH release to maximum LDH release.

### Determination of the reduced glutathione (GSH)/oxidized glutathione (GSSG) ratio and malondialdehyde (MDA) levels

The levels of GSH and MDA in the cell extracts were investigated as described previously ([@b34-ol-0-0-11980]). The cellular extracts of the human glioma cell lines treated with DMSO, DHI (100 µM) and/or ferrostatin-1 (1 µM) at 37°C for 24 h were prepared according to the manufacturer\'s instructions. MDA levels were detected using a Lipid Peroxidation (MDA) assay kit (cat. no. K739-100; BioVision, Inc.) according to the manufacturer\'s instructions. The GSH/GSSG ratio was detected using a Glutathione assay kit (cat. no. K264-100; BioVision, Inc.) according to the manufacturer\'s instructions.

### Mitochondrial membrane potential (MMP) assay

The MMP of the cells was assayed using tetramethylrhodamine methyl ester (TMRM) according to the manufacturer\'s instructions (AAT Bioquest, Inc.). TMRM is readily sequestered by healthy mitochondria, but its fluorescence is rapidly lost when the MMP dissipates. In total, 1×10^6^ cells were seeded in confocal dishes before treatment with DHI (100 µM) with or without ferrostatin-1 (1 µM) at 37°C for 24 h. The cells were washed twice with PBS, incubated for 20 min at 37°C with 100 nM TMRM to stain the mitochondria and then carefully washed three times with PBS. Then, they were washed with PBS before nuclear staining with 4,6-diamidino-2-phenylindole (DAPI) (cat. no. 28718-90-3; Beyotime Institute of Biotechnology) for 15 min at room temperature. Finally, the cells were analyzed by confocal fluorescence microscopy (Nikon N-SIM; Nikon Corporation) to assess the intensity of red fluorescence (excitation at 549 nm; emission at 573 nm).

### Statistical analysis

All data are presented as means ± standard deviation. Each experiment was repeated three times. SPSS 22.0 software (IBM Corp.) was used for the statistical analysis. Two-tailed unpaired t-tests were used to compare two groups, while one- or two-way analysis of variance (ANOVA) was used to compare three or more groups. Pairwise group comparisons were conducted using Tukey\'s test as a post hoc test following ANOVA. P\<0.05 was considered to indicate a significant result.

Results
=======

### Ferroptosis levels are reduced in human glioma cells

Ferroptosis has been shown to be involved in the pathogenesis of gliomas ([@b35-ol-0-0-11980]). However, the relevant research is very limited. Therefore, in the present study, ferroptosis in human glioma cells was assessed by measuring the levels of GPX4, 5-, 12- and 15-HETE. GPX4 is an important membrane lipid peroxidase reductase, and the downregulation of GPX4 causes the accumulation of reactive oxygen species (ROS) on membrane lipids, which leads to ferroptosis ([@b36-ol-0-0-11980]). The latter three are lipid peroxidation products that are associated with the deposition of ferritin in ferroptosis, and recognized as indicators of ferroptosis levels ([@b20-ol-0-0-11980],[@b26-ol-0-0-11980]). Western blotting was performed to detect GPX4 expression in human glioma cells. The results revealed that GPX4 levels were significantly higher in human glioma cells compared with normal human glial cells ([Fig. 1A](#f1-ol-0-0-11980){ref-type="fig"}). ELISAs were performed to evaluate the levels of 5-, 12- and 15-HETE in the cells. The 5-, 12- and 15-HETE levels were significantly decreased in the glioma cells compared with the control glial cells ([Fig. 1B-D](#f1-ol-0-0-11980){ref-type="fig"}). These results demonstrate that U251 and U87 human glioma cells have higher levels of GPX4 and lower 5-, 12- and 15-HETE levels than normal human glial cells.

ACSL-4 is considered to be a key regulatory gene for ferroptosis. Previous studies have shown that ACSL-4 overexpression upregulates ferroptosis levels in gliomas ([@b37-ol-0-0-11980]). Compared with normal human glial cells, the human glioma cells exhibited significantly lower ACSL-4 levels ([Fig. 1E](#f1-ol-0-0-11980){ref-type="fig"}). The reduction in ACSL-4 expression may be associated with dysfunctional ferroptosis in glioma. These results indicate that ferroptosis levels are reduced in glioma cells.

### DHI inhibits the proliferation of human glioma cells

To investigate the effect of DHI on glioma cells, two glioma cell lines were treated with different concentrations of DHI for 24, 48 and 72 h. The CCK8 assay was used to measure cell proliferation. The cell viability of the U251 and U87 glioma cell lines was significantly reduced after treatment with DHI ([Fig. 2A and B](#f2-ol-0-0-11980){ref-type="fig"}). [Fig. 2A](#f2-ol-0-0-11980){ref-type="fig"} shows that DHI had significant time- and dose-dependent effects on U251 glioma cells. The inhibitory effect on cell growth increased as the treatment time increased. At each time point, the inhibition rates of higher concentrations of DHI were higher than those of lower concentrations of DHI in the majority of cases. However, no significant difference was observed between the antiproliferative effects of 100 and 1,000 µM DHI following treatment for either 48 or 72 h. Therefore, DHI at a concentration of 100 µM was used for subsequent experiments. When the experiment was repeated using U87 cells, similar results to those in U251 cells were obtained ([Fig. 2B](#f2-ol-0-0-11980){ref-type="fig"}).

To test whether DHI affects the cytotoxicity of human glioma cells, the levels of LDH in the cells were examined. The more LDH is released, the more severe the cell damage, which results in a reduction in cell proliferation. Following DHI treatment, the release of LDH increased significantly ([Fig. 2C and D](#f2-ol-0-0-11980){ref-type="fig"}). These data indicate that DHI reduces the viability of human glioma cells.

### DHI induces ferroptosis in human glioma cells by downregulating GPX4 and upregulating ACSL-4

To evaluate whether the inhibition of cell proliferation by DHI is associated with ferroptosis, the mechanism of action of DHI in human glioma cells was investigated. Lipid peroxidation is a key process during ferroptosis ([@b38-ol-0-0-11980]). MDA is a natural product of lipid peroxidation that is often used as a marker for lipid peroxidation. The results of the present study indicate that following treatment with 100 µM DHI for 24 h, the MDA levels of the U251 and U87 cells were significantly increased ([Fig. 3A and B](#f3-ol-0-0-11980){ref-type="fig"}).

GSH and GSSG constitute an important cellular antioxidant system that provides a reducing environment for the reduction of oxidative substances. GPX4 is an important regulator of ferroptosis, the absence of which causes a sharp increase in GSSG, leading to a reduction in the GSH/GSSG ratio ([@b39-ol-0-0-11980]) GSH and GSSG constitute a critical cellular antioxidant system and provide a reducing environment to reduce oxidative species. The loss of GPX4 activity can cause a drastic increase in GSSG, leading to a decrease in the GSH/GSSG ratio and ultimately ferroptosis ([@b30-ol-0-0-11980]). In the present study, it was found that after 24 h of DHI treatment, intracellular GPX4 expression in human glioma cells was significantly inhibited ([Fig. 3C and D](#f3-ol-0-0-11980){ref-type="fig"}). Notably, DHI also caused significant reductions in GSH levels and the GSH/GSSG ratio ([Fig. 3E-H](#f3-ol-0-0-11980){ref-type="fig"}). In addition, DHI significantly upregulated ACSL-4 expression in human glioma cells ([Fig. 3C and D](#f3-ol-0-0-11980){ref-type="fig"}). These results indicate that ferroptosis is one of the mechanisms by which DHI induces cell death in human glioma cells.

### DHI induces a reduction in the MMP of human glioma cells

The probe TMRM was used to detect the MMP of the glioma cells. TMRM accumulates in the mitochondria of living cells and produces bright red fluorescence. DAPI makes cells produce blue fluorescence in order to locate cells. Confocal microscopy of TMRM-stained cells revealed that glioma cells treated with DHI showed reduced red fluorescence compared with that of untreated cells. These results indicate that DHI induces a reduction in the MMP of glioma cells ([Fig. 4](#f4-ol-0-0-11980){ref-type="fig"}).

### Anticancer effect of DHI on human glioma cells can be blocked by ferroptosis inhibitors

Ferrostatin-1 is a ferroptosis inhibitor that reduces the accumulation of intracellular ROS and cell death. A previous study demonstrated that ferrostatin-1 is able to inhibit the induction of ferroptosis *in vitro* ([@b40-ol-0-0-11980]). The potent inhibition of ferroptosis by ferrostatin-1 has been ascribed to its ability to slow the accumulation of lipid hydroperoxides ([@b41-ol-0-0-11980]). Ferrostatin-1 was used to determine whether DHI can induce ferroptosis in human glioma cells in the present study. The western blotting results indicate that ferrostatin-1 inhibited the DHI-induced reductions in GPX4 expression levels and increases in ACSL-4 expression levels in U251 and U87 cells ([Fig. 3C and D](#f3-ol-0-0-11980){ref-type="fig"}). Furthermore, ferrostatin-1 attenuated the increases in MDA levels ([Fig. 3A and B](#f3-ol-0-0-11980){ref-type="fig"}) and reductions in GSH levels and GSH/GSSG ratio that were induced by DHI ([Fig. 3E-H](#f3-ol-0-0-11980){ref-type="fig"}). Also, confocal microscopy of TMRM-stained cells revealed that glioma cells treated with DHI and ferrostatin-1 exhibited increased red fluorescence compared with that of glioma cells treated with DHI alone.

The effect of ferrostatin-1 on the proliferation of human glioma cells was evaluated using the CCK-8 assay. The results revealed that ferrostatin-1 increased the proliferative activity of DHI-treated human glioma cells compared with that of cells treated with DHI alone ([Fig. 5](#f5-ol-0-0-11980){ref-type="fig"}). Therefore, it may be concluded that ferrostatin-1 blocks the inhibitory effect of DHI on human glioma cell proliferation to a certain extent.

Discussion
==========

Increasing attention is being paid to the antitumor activity of natural substances, a number of which are being developed into antitumor drugs. Tanshen is one of the most commonly used natural medicines in clinical practice. It has been reported to have cardiovascular effects, including increased coronary blood flow, the expansion of coronary arteries, and prevention of myocardial infarction and myocardial ischemia, as well as being used to treat gastric cancer, liver cancer, leukemia and cervical cancer ([@b42-ol-0-0-11980],[@b43-ol-0-0-11980]). Tanshinones are the main components of tanshen, and tanshinone IIA is one of the most abundant tanshinones. Therefore, previous research has focused on the antitumor activity of tanshinone IIA ([@b44-ol-0-0-11980],[@b45-ol-0-0-11980]). However, there are few studies on other single agents that may be isolated from tanshen, including DHI, tanshinone I and cryptotanshinone (CPT). Liu *et al* ([@b46-ol-0-0-11980]) explored the inhibitory effect of tanshinones on lung cancer cells, and Mosaddik ([@b47-ol-0-0-11980]) investigated the inhibitory effects of tanshinones on leukemia cells. These studies demonstrated that the inhibitory effect of DHI on tumor cells was stronger than that of tanshinone IIA, tanshinone I and CPT. DHI is easy to extract, has low toxicity against normal cells and is a promising natural antitumor drug ([@b48-ol-0-0-11980]). A number of studies have reported the antitumor mechanism of DHI ([@b49-ol-0-0-11980]--[@b51-ol-0-0-11980]). A previous study revealed that DHI exerts antitumor effects by inhibiting the proliferation of cancer cells, inducing cancer cell apoptosis and promoting differentiation ([@b52-ol-0-0-11980]). However, there are relatively few studies on the effect of DHI on glioma.

Gliomas are the malignant tumors with the highest incidence in the central nervous system in adults ([@b53-ol-0-0-11980]). Due to substantial heterogeneity and invasive growth characteristics, glioma is very difficult to cure completely ([@b54-ol-0-0-11980]). As research has advanced, new therapies such as immunotherapy and gene therapy have been developed but the survival time of glioma patients has not been significantly prolonged ([@b55-ol-0-0-11980],[@b56-ol-0-0-11980]). Therefore, it is necessary to find new and effective drugs for the targeted treatment of gliomas. The main aim of the present study was to explore the mechanism by which DHI inhibits human glioma cell proliferation and promotes human glioma cell death.

In the present study, the human glioma cell lines U251 and U87 were used to investigate the effect of DHI on the proliferation of human glioma cells and its mechanism. The results of the CCK8 assay showed that the proliferation of human glioma cells was significantly inhibited following treatment with DHI for 24, 48 and 78 h; the antiproliferative effect was time- and concentration-dependent

Ferroptosis is a mode of iron-dependent cell-regulated death. It is characterized by the abnormal accumulation of iron-dependent lipid peroxides (lipid ROS) in cells, which disrupts the redox balance and ultimately leads to cell death ([@b57-ol-0-0-11980]). These processes are caused by the loss of intracellular GPX4 activity. The cell membrane-localized system Xc- is composed of SLC3A2 and SLC7A11 ([@b58-ol-0-0-11980]). SLC3A2 is a binding protein of SLC7A11, which takes up cystine and excretes glutamate ([@b58-ol-0-0-11980]). In cell metabolism, GSH is synthesized from cystine and is an important antioxidant in the cell ([@b59-ol-0-0-11980]). It scavenges free radicals and maintains the redox balance inside and outside the cell ([@b59-ol-0-0-11980]). SLC7A11 is highly expressed in a variety of tumors; by increasing cystine uptake it leads to increased intracellular GPX4 synthesis, reduced intracellular oxidative stress and the suppression of ferroptosis, thereby promoting tumor growth ([@b60-ol-0-0-11980],[@b61-ol-0-0-11980]). GPX4 is a GSH-dependent enzyme, and selenocysteine, which is one of the amino acids in the active center of GPX4, can be inserted into GPX4 through selenocysteine transfer RNA (tRNA) ([@b62-ol-0-0-11980],[@b63-ol-0-0-11980]). In addition, the maturation of selenocysteine tRNA may also be regulated by the mevalonate pathway to act on GPX4 ([@b62-ol-0-0-11980],[@b63-ol-0-0-11980]). GSH and selenocysteine both regulate the occurrence of ferroptosis in cells by affecting GPX4. GPX4 has been recognized as a key target in the induction of ferroptosis by various agents, including erastin and RSL3 ([@b64-ol-0-0-11980]). Erastin consumes GSH to inhibit the activity of GPX4, while RSL3 directly inhibits the activity of GPX4 ([@b64-ol-0-0-11980]). Therefore, the reduction of GPX4 activity appears to be a necessary condition for ferroptosis. The role of ferroptosis in tumorigenesis is becoming a prominent topic of research, and a number of studies have shown that multiple drugs are able to induce ferroptosis in tumor cells and affect the expression of ferroptosis-associated genes ([@b65-ol-0-0-11980]--[@b67-ol-0-0-11980]). Previous studies have found that cisplatin induces ferroptosis in A549 and HCT116 cells and cause changes in GPX4 expression ([@b68-ol-0-0-11980]). Similarly, sorafenib targets the Xc-system and causes ferroptosis in various cancer cells such as liver cancer cells ([@b69-ol-0-0-11980],[@b70-ol-0-0-11980]). In addition, sulfasalazine induces ferroptosis in breast cancer cells, and the mechanism may be associated with the increased expression of DMT1 Mrna ([@b71-ol-0-0-11980]). Furthermore, a number of studies have shown that fatty acid metabolism is essential for maintaining the microenvironment of malignant tumors and participating in the occurrence and development of tumors ([@b72-ol-0-0-11980],[@b73-ol-0-0-11980]). ACSL4 serves a key role in fatty acid metabolism. Previous studies have shown that ACSL4 activates long-chain unsaturated fatty acids to participate in the synthesis of membrane phospholipids and trigger cell ferroptosis ([@b74-ol-0-0-11980]). Ferroptosis is associated with tumor suppression and is a potential therapeutic mechanism for the treatment of tumors. ACSL4 may be used as an indicator to predict whether cells have the potential to undergo ferroptosis ([@b37-ol-0-0-11980]). The present study confirmed that DHI affects the expression of ferroptosis-related genes in human glioma cells. After DHI treatment, the expression of GPX4 in human glioma cells decreased, while the expression of ACSL-4 increased. However, following treatment with the ferroptosis inhibitor ferrostatin-1, the expression of GPX4 in human glioma cells increased, the expression of ACSL-4 decreased, and the cell survival rate increased significantly. These results indicate that the effect of DHI on human glioma cells was mediated by ferroptosis to a certain extent.

In summary, the results of the present study confirm that DHI attenuates the proliferation of human glioma cells by inducing ferroptosis. They also provide a greater understanding of the mechanism of DHI that may be of benefit in the development of methods using DHI for the treatment of glioma.
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![Indicators of ferroptosis in human glioma cells. (A) Representative western blots of GPX4 expression in human glioma and normal human glial cells, and quantification of the results. (B) 5-HETE levels, (C) 12-HETE levels and (D) 15-HETE levels detected in human and glioma cells normal glial cells using 5-, 12- and 15-HETE kits. (E) Representative western blots of ACSL-4 expression in normal human glioma cells, and quantification of the results. \*P\<0.05 and \*\*P\<0.01 vs. HEB. GPX4, glutathione peroxidase 4; HETE, hydroxyeicosatetraenoic acid; ACSL-4, long-chain-fatty-acid-CoA ligase 4.](ol-20-04-11980-g00){#f1-ol-0-0-11980}

![DHI blocks the proliferation of human glioma cells. The proliferation of (A) U251 and (B) U87 cells was measured using Cell Counting Kit-8 assay. The LDH levels of (C) U251 and (D) U87 cells. \*P\<0.01 vs. control; ^\#^P\<0.01 vs. DHI (1 µM); ^\$^P\<0.05 vs. DHI (10 µM); ^&^P\<0.05 vs. DHI (100 µM); ^ФФ^P\<0.01 and ^Ф^P\<0.05 as indicated. DHI, 15,16-dihydrotanshinone I; LDH, lactate dehydrogenase.](ol-20-04-11980-g01){#f2-ol-0-0-11980}

![DHI inhibits the proliferation of glioma cells via the regulation of ferroptosis. U251 cells and U87 cells were treated with DHI (100 µM) and/or the ferroptosis inhibitor ferrostatin-1 (1 µM). The MDA levels of (A) U251 and (B) U87 cells. Representative western blots of GPX4 and ACSL-4 expression in (C) U251 and (D) U87 human glioma cells, and quantification of the results. (E) The GSH levels and (F) GSH/GSSG ratios of U251 cells and (G) the GSH levels and (H) GSH/GSSG ratios U87 cells. \*P\<0.01 vs. control group; ^\#^P\<0.05 vs. DHI. DHI, 15,16-dihydrotanshinone I; MDA, malondialdehyde; GPX4, glutathione peroxidase 4; ACLS-4, long-chain-fatty-acid-CoA ligase 4; GSH, reduced glutathione; GSSG, oxidized glutathione.](ol-20-04-11980-g02){#f3-ol-0-0-11980}

![DHI reduces in the mitochondrial membrane potential of human glioma cells. The mitochondrial membrane potential of (A) and (B) U87 cells following TMRM staining observed using confocal fluorescence microscopy (magnification, ×400). DHI, 15,16-dihydrotanshinone I; TMRM, tetramethylrhodamine methyl ester.](ol-20-04-11980-g03){#f4-ol-0-0-11980}

![Ferrostatin-1 blocks the inhibitory effect of DHI on human glioma cells. The proliferation of (A) U251 and (B) U87 cells was measured using Cell Counting Kit-8 assay. \*P\<0.01 vs. control group; ^\#^P\<0.01 vs. DHI. DHI, 15,16-dihydrotanshinone I.](ol-20-04-11980-g04){#f5-ol-0-0-11980}
